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Abstract:
The orientation dependence of the deformation microstructure has been investigated in aluminum compressed to 20% reduction. The dislocation boundaries formed can be classified, as for tension, into one of three types: dislocation cells (Type 2), and extended planar boundaries near (Type 1) or not near (Type 3) a {111} trace. The Type 3 boundaries, however, show some clear differences to those seen in tension, suggesting differences in the dislocation interactions leading to boundary formation between tension and compression.
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For quite some time the flow stress after a strain path change, e.g. [1, 2] , and the subsequent transient stress response, e.g. [3] [4] [5] have been investigated and attributed to interactions between the dislocation boundaries evolved during the first deformation step and dislocations from new slip systems activated after the strain path change. The occurrence of stress transients, as well as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 electron microscopy studies [6] [7] [8] [9] , imply a reorganization of the dislocation boundaries following a strain path change.
As a means to better understand such reorganizations, the boundaries evolved during tension, compression, and tension/compression tests have been investigated, revealing that the average inclination angle between the boundaries and the main deformation axis is about 30 after tension as opposed to 55 after compression [10] . After reversal of the strain path in tension/compression tests [10] , as well as in reversed torsion tests [11] , the distribution of dislocation boundary inclination angles resembles a superposition of the distributions observed before and after the strain path reversal.
Following up on studies confirming a strong orientation dependence of deformation microstructures resulting from monotonic deformation [12] [13] [14] , the preferred alignment of extended planar dislocation boundaries has been studied and their crystallographic alignment has been analysed. The crystallographic boundary plane has been found to strongly depend on the crystallographic orientation of the grain in both tension [15] and rolling [13, 16] . Three main types of dislocation boundary structures are generally observed [17] : Type 1 with extended planar boundaries aligned with the most active slip planes, Type 2 with an equiaxed cell structure without extended planar boundaries and Type 3 with extended planar boundaries lying far from a slip plane. Type 3 boundaries, still align though with specific crystallographic planes, depending on the grain orientation and deformation mode. For tension, these planes are {135}, {441}, and {115} planes, all of which are observed for grains with the tensile axis lying within 15-20 of <111>. The occurrence of the specific boundary planes depending on the grain orientation originate from an underlying dependence on the slip systems [18, 19] . Reversal of the strain path from tension to compression is not expected to significantly change the identity of the slip systems, but only their sign. The observed differences in the macroscopic alignment of the extended planar dislocation boundaries after tension and compression imply therefore a difference also in the crystallographic alignment of the boundaries. Such a difference will mean that the sign of the slip systems, and therefore the sign of the Burgers vectors of the gliding dislocations, has a dramatic impact on the dislocation interactions leading to boundary formation. As a first step to understand these interactions the present study aims at determining the grain orientation dependence and the crystallographic alignment of boundaries formed during compression for comparison with the previously studied tensile case.
The material used in this investigation was commercially-sourced AA1200 2mm thick sheet in a H18 (cold-rolled) condition. Prior to compression testing the sheet was annealed at 350 o C for 2 hours to achieve a fully recrystallized microstructure. The grain structure and texture after this annealing treatment was characterized using an Oxford Instruments-HKL electron backscatter diffraction (EBSD) system attached to a Tescan 5136XM scanning electron microscope (SEM).
The average grain size after annealing was 26 m with a recrystallization texture consisting of a combination of rolling texture orientations and cube orientations. Consequently only a few grains in the sheet have normal directions (NDs) close to <111> (Fig. 1) . In order therefore to produce samples containing grains with a range of compression axis (CA) directions covering the full standard unit triangle, two types of sample were cut from the annealed sheet. For the first samples square pieces of dimensions 5mm×5mm were cut by spark erosion from the sheet. Three such 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 pieces were glued stacked together (aligned along ND) to form a rectangular sample. Uniaxial compression was applied to this sample using a Gleeble-1500 apparatus with the loading direction parallel to ND. The sample was deformed by 22% at a strain rate of 1 x 10 -3 s -1 . A second sample was prepared by spark-erosion cutting of a small piece of material (2mm×2mm× 3mm) from the annealed sheet for compression along the rolling direction (RD) of the initial sheet. This sample was deformed by 23% at a strain rate of 1 x 10 -3 s -1 using the same Gleeble apparatus.
For examination of the deformation microstructure in the compressed samples thin foils containing the compression axis were prepared using a twin-jet polishing method, with the thin area taken from the center part of the compression samples. The foils were examined using a JEOL 2000FX transmission electron microscope (TEM) operated at 200kV equipped with a double-tilt holder. Local orientation measurements were made using an online semi-automatic
Kikuchi-line analysis system [20] The deformation microstructures were examined in a total of 30 grains, each with a grain size of larger than 10m. For each grain, the sample was tilted to a near two-beam diffraction (where possible to a g = <111> condition) to reveal clearly the dislocation structure, and the orientation of the grain was recorded. Example microstructures are shown in Fig. 2 . Similar to the observations resulting from tensile deformation the majority of grains contained extended planar boundaries, whilst in some grains only cell structures were observed. An example of a typical cell structure is given in Fig. 2a for a grain with a CA direction close to [0.97,0.22,0.12]. These cell structures are similar to the Type 2 structures observed in tensile-deformed samples. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 For the grains containing extended planar boundaries two distinctive morphologies could be distinguished. In some grains the extended planar boundaries were straight and extended over a long distance (e.g. Fig. 2b ), whereas in other grains the extended planar boundaries were shorter and exhibited a more wavy appearance (e.g. Fig. 2c) . From tension studies it is well-known that Type 1 boundaries are straighter than Type 3 boundaries, suggesting that the former boundaries are of Type 1 and the latter of Type 3. The main feature distinguishing between the boundary types formed during tension is, however, their crystallographic alignment: Type 1 boundaries align with the most stressed slip plane, and sometimes two sets aligned with the two most stressed slip planes are observed (i.e. {111} planes for the case of FCC metals). In contrast Type 3 boundaries lie on other crystallographic planes, though with a fixed relationship to the most stressed slip systems. Typical structures observed following tension deformation containing Type 1, 2, and 3 boundaries are shown in Fig. 3 [21] .
In order to investigate the crystallographic alignment of the extended planar boundaries formed during compression the traces of the {111} slip planes were therefore also calculated, based on the measured grain orientation and the sample tilt angles. In addition the Schmid factors for all 12 {111}<011> slip systems were calculated for each of the deformed grains in order to determine the slip system expected to be most active during compression deformation.
In each case it was found that the straighter extended planar boundaries were close to the trace of the most highly stressed {111} slip plane. For the example shown in Fig,. ) to, the trace of the most highly stressed slip plane. A detailed study of the deviation of these boundaries to the slip plane is, however, outside the scope of the current study and will be reported in a later paper.
The remainder of the extended planar boundaries were identified as Type 3, based on the observation that these boundaries deviate by large angles to the active {111} slip planes (see for example Fig. 2c ). Although the Type 3 boundaries formed during tension do not lie close to {111}
planes, a detailed analysis has shown that they nevertheless lie on crystallographic planes related to the active slip systems [17, 18] . For the example shown in Fig. 2c the traces of the crystallographic planes that have been found to be important in tensile deformation have also been calculated, and in the figure those closest to the observed extended planar boundaries are shown. It is seen that although some parts of some boundaries match these traces, the correspondence is not as clear as seen in tensile-deformed samples. The Type 3 boundaries formed during compression are therefore similar to those formed during tension in that they do not lie close to {111} planes, though they have a more irregular (wavy) appearance and tend to lie at larger angle to the loading axis. These differences are the subject of ongoing investigations. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 In summary, the three main types of dislocation boundary structures found after tension and rolling are also observed after compression. The three types exhibit a similar grain orientation dependence in tension and compression. However, the exact crystallographic alignment of especially the Type 3 structure is not the same, in agreement with the observed differences in the macroscopic boundary alignment for tension and compression. These differences between tension and compression indicate differences also in the dislocation interactions leading to boundary formation, which is of further interest as these boundaries are believed to be low energy dislocation structures. The dislocations in the boundaries are further believed to satisfy the Frank equation for boundaries free of long-range stresses, and this should still be fulfilled after reversal of the sign of all the involved dislocations. Upcoming detailed studies of the observed differences between the boundary alignment after tension and compression may therefore provide vital information about the dislocation processes leading to boundary formation. Interestingly, it has been found that the structures formed after fatigue also depend on the grain orientation in a similar manner although the morphology is different [23, 24]. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 
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